Introduction
============

Articular cartilage covers the end of opposing bones in synovial joints. It provides smooth and almost frictionless movement of the bones against each other, and protection from damage by load and tensile forces. These properties are provided by a unique combination of extracellular matrix (ECM) molecules, of which the most important are type 2 collagen (COL2), the proteoglycan aggrecan (ACAN) and the glycosaminoglycan chondroitin sulfate (CS).^[@bib1]^ Osteoarthritis (OA) is a disease that leads to gradual degradation of the articular cartilage ECM resulting in pain, stiffness and swelling of affected joints. OA is the most common form of arthritis and one of the major causes of disability in the western world, and it constitutes a huge economic burden for the society.^[@bib2]^ Currently, no treatment has been shown to stop or reverse the progression of OA. In many patients, the end result will be joint replacement. There are several known risk factors associated with OA such as joint injury, inflammation, age, obesity, genetics and gender, but the molecular mechanisms behind OA are not fully understood. However, several of these pathogenic factors are thought to act through the increased secretion of interleukin 1β (IL1β) into the joint space.^[@bib3]^ IL1B is an inflammatory mediator that acts through the nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (NFKB) pathway to induce expression of many genes that are upregulated in OA cartilage such as IL1B, IL6, IL8, and the matrix degrading enzymes matrix metalloprotein 13 (MMP13) and a disintegrin-like and metallopeptidase with thrombospondin type 1 motif 5 (ADAMTS5), responsible for degradation of COL2 and ACAN, respectively.^[@bib4]^

microRNAs (miRNAs) are also dysregulated in OA cartilage. miRNAs are small double stranded RNA molecules that regulate gene expression by binding to complementary sequences in mRNA molecules, leading to either degradation of the mRNA or repression of translation.^[@bib5],[@bib6]^ This makes miRNA therapeutics a promising treatment option for several diseases.^[@bib7],[@bib8]^ microRNA-140 (miR-140) is regarded as a cartilage specific miRNA because it is predominantly expressed in cartilaginous tissues during development.^[@bib9],[@bib10]^ Knockout studies have revealed miR-140 to be an important factor in OA development, as miR-140^-/-^ mice showed OA-like changes such as accelerated proteoglycan loss and ECM degradation, while mice overexpressing miR-140 were protected against degradation of proteoglycans and COL2 in a model of antigen-induced arthritis.^[@bib11]^ In the same study the aggrecanase ADAMTS5 was shown to be a target of miR-140, and it was suggested that this could explain the protective role of miR-140 in OA.

In this study we investigated the role of miR-140-5p (hereafter referred to as miR-140) using an *in vitro* model of OA. Human articular chondrocytes (ACs) derived from OA cartilage overexpressing miR-140 were cultured in pathophysiologically relevant concentrations of recombinant human IL1B (rhIL1B) and analyzed using real-time quantitative polymerase chain reaction (RT-qPCR), western blot and global proteomics. Mass spectrometry-based proteomics was used because miRNAs can regulate gene expression at the protein level without affecting mRNA levels. We show that that forced expression of miR-140 increased protein levels of SOX9, ACAN and chondroitin sulfate N-acetylgalactosaminyltransferase 1 (CSGALNACT1), an enzyme involved in the synthesis of CS. Decreased expression was found for a range of inflammation mediators, including IL1B, IL6 and IL8. Likewise, signaling through the NFKB pathway is likely to be inhibited by increased expression of the NFKB inhibitor IKBA. Finally, cartilage degradation may be reduced by the possible downregulation of ADAMTS5 and the increase in syndecan 4 (SDC4), an inhibitor of ADAMTS5 activation. Thus, miR-140 may act through many pathways to counteract the development of OA.

Results
=======

Establishing an *in vitro* model of IL1B-induced OA
---------------------------------------------------

To investigate the protective role of miR-140 in OA, the *in vitro* model of adding rhIL1B to cell cultures was first optimized and validated by dose-response and time course analysis. **[Figure 1a](#fig1){ref-type="fig"}**,**[b](#fig1){ref-type="fig"}** shows that 0.1 ng/ml of rhIL1B induced near maximal transcription levels of *IL1B*, *IL8*, and *MMP13* in ACs (i) and bone-marrow-derived mesenchymal stem cells (ii), often used in OA and cartilage research because of their chondrogenic potential. This concentration of rIL1B was used for the rest of the experiments.

In a time course experiment, rhIL1B induced maximum expression level for *IL1B*, *IL6*, and *IL8* at 5--8hours and for *MMP13* at 20 hours in ACs (**[Figure 1c](#fig1){ref-type="fig"}**). *IL1B*, *IL6*, and *IL8* mRNA levels were gradually decreased over 1 week in response to continuous stimulation of rhIL1B, but were still upregulated compared with unstimulated cells (**[Figure 1d](#fig1){ref-type="fig"}**). In contrast, *MMP13* mRNA levels decreased to baseline values between days 2 and 5.

Proteome changes following rhILB1 stimulation
---------------------------------------------

IL1B activates the NFKB pathway which subsequently induces synthesis of IL1B, IL6, IL8, MMP13, and ADAMTS5.^[@bib4]^ To validate the upregulation of these proteins, and also look for other proteins that might change following rhIL1B stimulation, mass spectrometry-based proteomics was performed on ACs from three donors. The cells were stimulated with rhIL1B for 20 hours before harvesting for analysis. IL1B, IL6, and MMP13 were confirmed to be upregulated at the protein level (**Supplementary dataset 1, sheet 1**). There was also a 56-, 12- and 4-fold upregulation of IL8 for the three donors, but this was not found to be statistically significant. As for all the previous experiments the mRNA for the respective proteins was upregulated in the three donors, including *IL8* (see **Supplementary Figure S1**). In total, 91 proteins were upregulated. Several of them were involved in the NFKB pathway such as TNF receptor associated factor 1 and the NFKB transcription factors v-rel avian reticuloendotheliosis viral oncogene homolog (REL) and RELB. A total of 78 proteins were downregulated (see **Supplementary dataset 1, sheet 2**). The inhibitor of NFKB, NFKBIB (IKB-β), was also downregulated (see **Supplementary dataset 1** for all differently expressed proteins). A gene ontology (GO) term analysis was performed, and showed that the upregulated proteins were involved in inflammatory responses, regulation of signaling, cell adhesion, carbohydrate and unsaturated fatty acid metabolism, and cartilage development while the downregulated proteins were mainly involved in metabolic processes, cell death, and cell cycle (**Supplementary dataset 2, sheet 1 and 2**). These results showed that addition of 0.1 ng/ml of rhIL1B had a dramatic effect on the ACs and confirmed translation of *IL1B*, *IL6*, and *MMP13* mRNAs into proteins.

miR-140 inhibits mediators of inflammation and cartilage degradation and upregulates chondrogenic proteins
----------------------------------------------------------------------------------------------------------

We proceeded to test the effect of forced expression of miR-140 in this system by electroporation of a synthetic miR-140 mimic into monolayer expanded ACs on day 23 of culture. Previously we showed that liposomal transfection induced immune responses in MSCs and ACs. In contrast, no immune response was observed after electroporation.^[@bib12]^ Electroporation was therefore used in this study. Two days after electroporation miR-140 increased \~ 120--140 fold in the miR-140 electroporated cells compared with controls for all three donors (**[Figure 2a](#fig2){ref-type="fig"}**). The levels of miR-140 after electroporation corresponded perfectly to the endogenous levels of miR-140 in native cartilage (**[Figure 2a](#fig2){ref-type="fig"}**, donors 1 and 3). We and others have recently shown *RALA*, *ADAMTS5*, and *BMP2* to be targets of miR-140. These were all reduced by miR-140 (**[Figure 2b](#fig2){ref-type="fig"}**), showing that the electroporation of miR-140 gave functionally appropriate results. One day after electroporation rhIL1B was added to the cells for 20 hours and RT-qPCR was used to analyze the expression of *IL1B*, *IL6*, *IL8*, OA-relevant chemokine (C-C motif) ligand 5 (*CCL5*), and *ADAMTS4* mRNA.^[@bib13],[@bib14]^ All genes except *MMP13* were downregulated by miR-140 (**[Figure 3a](#fig3){ref-type="fig"}**). The synovial membrane is also known to be inflamed in OA patients, and synovial fibroblasts (SFs) are thought to contribute to OA development by secreting inflammatory cytokines. It is therefore desirable that miR-140 reduce inflammation also in the SFs. **[Figure 3b](#fig3){ref-type="fig"}** shows that miR-140 also inhibited *IL1B*, *IL6*, and *IL8* in rhIL1B-stimulated SFs. Again *MMP13* was not affected. This is consistent with previous findings where treatment with anti-miR-140 did not affect MMP13 protein^[@bib15]^

We proceeded with proteomics analysis to look for differentially expressed proteins in the miR-140 transfected ACs. Mass spectrometry analysis showed that miR-140 decreased 43 and increased 114 proteins (**Supplementary dataset 1, sheet 3, and 4**). Selected proteins are listed in **[Table 1](#tbl1){ref-type="table"}**. IL1B and IL6 were downregulated, consistent with the RT-qPCR results. IL8 was downregulated 1.9-, 3.2-, and 17.5-fold in the three donors, but this was not statistically significant. IL8 is therefore not included in the lists. Several other proteins involved in inflammation, NFKB signaling and OA were downregulated (**[Table 1](#tbl1){ref-type="table"}** and **[Figure 4](#fig4){ref-type="fig"}**). In particular, annexin 6 (ANXA6), E3 ubiquitin-protein ligase ZFP91 (ZFP91), MAGE family member D1 (MAGED1), tripartite motif containing 4 (TRIM4), and DEAD-box helicase 41 (DDX41) are known to be involved in the activation of the NFKB pathway. This suggested that miR-140 inhibited inflammation by inhibiting the NFKB pathway. IKB is known to be the most potent inhibitor of the NFKB pathway. IKBA was found to be upregulated in donor 2 and 3 only, and thus is not on the list of significantly upregulated proteins. As activation of the NFKB pathway happens within minutes after stimulation, we performed western blotting to look at the IKBA levels at early time points. Two AC donors were used, including donor 1 that was not significantly upregulated according to the proteomics (**[Figure 5a](#fig5){ref-type="fig"}**). In both donors IKBA was increased in miR-140-electroporated unstimulated cells and after 30 minutes of rIL1B stimulation. IKBA was also increased after 20 hours, but with minor differences in donor 2. This shows that miR-140 inhibited activation of NFKB also by increasing IKBA. Finally, integrin alpha 2 (ITGA2), known to facilitate inflammatory degradation of articular cartilage, was greatly reduced (**[Table 1](#tbl1){ref-type="table"}**).^[@bib16]^ The GO term analysis showed that the downregulated proteins were associated with regulation of response to stimulus, biological adhesion, cell activation, regulation of vascular endothelial growth factor production, and hyaluronan metabolic process (**Supplementary dataset 2, sheet 3**).

Of the upregulated proteins, many are known to play important roles in ECM and carbohydrate metabolism, OA, inflammation, cell cycle, and protein degradation (**[Table 1](#tbl1){ref-type="table"}**). Among the most interesting upregulated proteins were ACAN, CSGALNACT1, nuclear factor of activated T-cells (NFAT)C1, NFATC2, MMP13, and histone acetyltransferase type B catalytic subunit (HAT1). ACAN is the most important proteoglycan in articular cartilage while CSGALNACT1 is very important for synthesis of CS and normal development of articular cartilage in mice.^[@bib17],[@bib18],[@bib19]^ In mice, loss of NFATC1 and NFATC2 leads to OA.^[@bib20],[@bib21]^ HAT1 is an inhibitor of NFKB signaling.^[@bib22]^

Previously, we showed that inhibition of miR-140 reduced both ACAN and SOX9 protein levels.^[@bib23]^ However, SOX9 was not differently expressed in the proteomic analysis. In addition, IL8 was not significantly downregulated. SOX9 and IL8 were therefore included as a part of the western blot validation experiments for the proteomic analysis (**[Figure 5b](#fig5){ref-type="fig"}**). The results confirmed downregulation of IL1B, IL6, and IL8; and upregulation of ACAN, SOX9, and CSGALNACT1 (two known isoforms) in all the three donors. Interestingly, the upregulation of ACAN, SOX9, and CSGALNACT1 protein occurred in the absence of similar changes in mRNA levels (**[Figure 5c](#fig5){ref-type="fig"}**). *ADAMTS5* mRNA was reduced following miR-140 transfection (**[Figure 2b](#fig2){ref-type="fig"}**), but ADAMTS5 was not detected in the proteomics analysis, presumably for technical reasons. Western blotting of ADAMTS5 showed a number of bands, of which only the smallest band (25 kDa) was downregulated in two of the three donors (**[Figure 5b](#fig5){ref-type="fig"}**). However, SDC4 binds to ADAMTS5 and has been shown to be essential for the activation of ADAMTS5.^[@bib24]^ SDC4 was greatly reduced following miR-140 transfection (**[Table 1](#tbl1){ref-type="table"}**), which could lead to reduced ADAMTS5 activity in the absence of greatly reduced ADAMTS5 protein. According to GO term analysis the upregulated proteins were mainly associated with different metabolic processes, protein modification, cellular component organization, and development process (**Supplementary dataset 2, sheet 4**).

Several of the downregulated proteins are predicted targets of miR-140 (**[Table 2](#tbl2){ref-type="table"}**), which suggests that downregulation of these proteins is mediated through the canonical pathways for miRNA bioactivity. Three such predicted targets are the mRNAs transcribed from the *IL1B*, *IL6*, *SDC4* genes. To validate these mRNAs as targets for miR-140, luciferase reporter constructs containing the 3′-untranslated region (UTR) of *IL1B*, *IL6*, *SDC4* or three control constructs containing the 3′UTR of *ACTB*, a random 3′UTR and a vector without 3′UTR (EMPTY), were cotransfected into HEK293 cells together with a negative control miR or miR-140 mimic (**[Figure 6](#fig6){ref-type="fig"}**). A lower luciferase signal was detected for *IL1B*, *IL6*, and *SDC4* in the miR-140 transfected cells, but not in the three control vectors. This shows that *IL1B*, *IL6*, and *SDC4* are targets of miR-140. We also performed a search in the PITA database to assess the binding strength (represented as an energetic score-ddG) of the 3′UTR of IL1B, IL6, and SDC4 to the miR-140 seed sequence. The binding strength scores were moderate and comparable to values from other validated targets of miR-140 (**Supplementary dataset 3**).

Discussion
==========

OA is a serious disease that impacts on the life of a considerable proportion of the adult human population. The pathogenic factors contributing to this disorder are inflammation, ECM degradation and failure to rebuild the articular cartilage. miR-140 has been shown in animal models to protect against arthritis, in part through the downregulation of ADAMTS5. Using an *in vitro* model of OA we now extend this insight by showing that forced expression of miR-140 inhibits the NFKB signaling pathway and downstream inflammatory cytokines, possibly inhibits ECM degradation proteins and enhances levels of proteins essential for the regeneration of new hyaline cartilage. Recently it was shown that intra-articular injection of miR-140 ameliorated rheumatoid arthritis in mice.^[@bib25]^ The current results support the notion that intra-articular injection of miR-140 in patients with asymptomatic or early stage OA may prevent the onset of full-blown disease.

The *in vitro* model of adding rhIL1B to ACs is a well-established model. In this study, the concentration of rhIL1B added was 1/100 of the concentration frequently used by others. Where 0.1 ng/ml corresponds to the concentration of IL1B found in the synovial fluid of OA patients,^[@bib26]^ and it is therefore a pathophysiologically relevant concentration. It is also similar to the concentration of IL1B found to be secreted following sterile trauma to other tissues.^[@bib27]^

To simulate the effect of intraarticular injection, we transfected miR-140 into ACs in the rhIL1B induced OA model. The rationale behind this was several fold: loss of miR-140 has been shown to induce OA in knockout mice, overexpression of miR-140 in transgenic mice has been shown to protect against collagen-induced arthritis and miR-140 expression has been found to be reduced in cartilage and synovial fluid of human OA patients.^[@bib11],[@bib28],[@bib29],[@bib30]^ These observations all suggest that overexpression of miR-140 in cells within the joints could benefit patients with OA, but they have not contributed much to our understanding of how this might work. In this study, we used global proteomics to look at the effect of miR-140. This is likely to be particularly important, since miRNAs can affect protein levels in the absence of mRNA changes.

IL1B activates the NFKB pathway. Our data suggest that miR-140 inhibits this pathway because the NFKB target genes IL1B, IL6, IL8, CCL5, ADAMTS4, and ADAMTS5 were inhibited at the mRNA level, whereas IL1B, IL6, and IL8 were also downregulated at the protein level. *IL1B*, *IL6*, and *SDC4* were also formally identified and validated as targets of miR-140 by luciferase reporter assays. The most obvious mechanisms for inhibition of the NFKB pathway would be through direct degradation of *IL1B*, *IL6*, and *SDC4* mRNA by miR-140 and the demonstrated upregulation of IKBA, known to bind NFKB and inhibit downstream signaling. However, our current results suggest that also other mechanisms may be involved. HAT1 was upregulated by miR-140. This protein forms a repressor complex that inhibits NFKB signaling.^[@bib22]^ In addition, miR-140 downregulated a number of other proteins involved in the NFKB pathway. ANXA6 is increased in human OA cartilage. This protein interacts with RELA to stimulate NFKB activity. Loss of ANXA6 leads to reduced cartilage destruction in mouse OA.^[@bib31],[@bib32],[@bib33]^ ZFP91 is involved in the activation of NFKB2,^[@bib34]^ while MAGED1 and TRIM4 have both been shown to activate NFKB.^[@bib35],[@bib36]^ Knocking down DDX41 inhibits activation of NFKB^[@bib37]^ (**[Table 1](#tbl1){ref-type="table"}** and **[Figure 4](#fig4){ref-type="fig"}**). These data suggest that miR-140 inhibits the NFKB pathway at several different points of attack. Finally, miR-140 transfection led to greatly reduced levels of ITGA2. This may impact on the inflammatory component of OA pathogenesis, because ITGA2 knockout mice showed reduced inflammatory cartilage degradation and clinical symptoms in two models of rheumatoid arthritis.^[@bib16]^

Forced expression of miR-140 also led to upregulation of proteins of essential importance for neochondrogenesis (**[Table 1](#tbl1){ref-type="table"}** and **[Figure 5b](#fig5){ref-type="fig"}**). The transcription factor SOX9 is often called the master regulator of chondrogenesis, because it regulates the transcription of the essential cartilage ECM molecules COL2 and ACAN. Inhibition of miR-140 during *in vitro* chondrogenesis of MSCs inhibited both SOX9 and ACAN expression.^[@bib23]^ This was confirmed in this study, where overexpression of miR-140 led to increased synthesis of SOX9. This could explain the increased ACAN levels. However, the minor increase in ACAN mRNA compared with the huge increase in ACAN protein suggests that post-transcriptional mechanisms may also be involved. Another important chondrogenesis molecule upregulated by miR-140 was CSGALNACT1. This enzyme is involved in the synthesis of CS in hyaline cartilage.^[@bib17]^ The importance of CSGALNACT1 is perhaps best demonstrated in studies of endemic degenerative OA and primary OA, two disorders where OA occurs without any known predisposing factor. In both these conditions CSGALNACT1 was considerably down-regulated.^[@bib19]^ In another study, CSGALNACT1 knockout mice were found to have thinner articular cartilage with more degraded ACAN compared with wildtype mice.^[@bib18]^ This suggests that upregulation of CSGALNACT1 following miR-140 transfection will be an important mechanisms for regeneration of the cartilage. CSGALNACT1 mRNA was not changed, again indicating post-transcriptional mechanisms for the increase in CSGALNACT1 protein. Two other molecules, upregulated following miR-140 transfection, are known to be extremely important for cartilage health: NFATC1 and NFATC2. Originally described to be transcription factors involved in immune responses in T-cells, these molecules have recently been implicated in OA pathogenesis. First, *Nfatc2*^-/-^ mice were shown to exhibit normal skeletal development but to display loss of COL2 and ACAN, overexpression of MMP1A, MMP13, and ADAMTS5 and inflammatory cytokines IL1B, IL6, and IL17. These mice showed gradual development of OA changes between 12 and 24 months.^[@bib21]^ When mice with cartilage specific conditional deletion of *Nfatc1* were bred onto the *Nfatc2*^-/-^ strain, OA developed much earlier with COL2 and ACAN degradation and osteophyte formation.^[@bib20]^ Based on these data it seems reasonable to assume that upregulation of NFATC1 and NFATC2 will counteract the development of human OA.

It is possible that overexpression of miR-140 also inhibits cartilage ECM degradation. Both *ADAMTS4* and *ADAMTS5* were downregulated at the mRNA level. Neither ADAMTS4 nor ADAMTS5 were in the list of detectable proteins from the proteomics analysis, presumably for technical reasons. ADAMTS5 western blot showed slightly reduced intensity of a 25 kD band in two of three donors, consistent with the size of the catalytic domain, but no reduced intensity of other detectable bands. However, SDC4 was greatly reduced by miR-140. SDC4 has been shown to control the activation and aggrecanase activity of ADAMTS5. Loss of SDC4 protects against cartilage degradation *in vivo*.^[@bib24]^ Thus, miR-140 overexpression may lead to reduced aggrecanase activity through downregulation of SDC4 without greatly affecting ADAMTS5 protein levels. There was a twofold upregulation of MMP13 by miR-140. This may suggest increased degradation of COL2 following miR-140 electroporation. However, MMPs seem unable to degrade COL2 in the presence of an intact proteoglycan network.^[@bib38],[@bib39],[@bib40]^ Thus, the collagen network may be protected against MMP13 degradation by miR-140 via upregulation of ACAN and synthesis of CS by CSGALNACT1. Li *et al.* recently reported that miR-140 downregulates MMP13 protein in murine chondrocytes.^[@bib41]^ This contrasts with our results. The explanation may be differences between species, but it could also be due to the use of different reagents and transfection methods. In our experiments we have used electroporation and synthetic miRNA mimics, while Li *et al*. used lipofection and DNA plasmids. Previously, we showed that lipofection alone can induce immune repsonses in human ACs and MSCs.^[@bib12]^ Further studies are needed to investigate the effect of miR-140 on the synthesis and function of cartilage degrading enzymes.

In this study, we have mainly looked into individual proteins that are known to be involved in inflammation, OA, and cartilage biology. GO term analysis showed that proteins downregulated as a result of forced expression of miR-140 resulted in terms associated with immune and inflammatory processes such as regulation of response to stimulus, biological adhesion, and cell activation while the upregulated proteins were associated with metabolic processes, protein modification, cellular component organization, and cell cycle. This is in accordance with the proteins we manually picked to make **[Table 1](#tbl1){ref-type="table"}**.

One final aspect of these results deserves consideration: the mechanism of action of miR-140 overexpression. The canonical hypothesis of miRNA bioactivity says that nucleotides 2--8, termed the seed sequence of the miRNA binds by base-pairing to a target sequence, frequently located in the 3′-UTR of the mRNA. The results will be either sequestration or degradation of the mRNA or repression of protein translation, both leading to reduced levels of the target protein. Based on the seed sequence of miR-140, target mRNAs can be predicted and validated. Of the 43 proteins downregulated following miR-140 overexpression in this study, only 14 were predicted to be targets for miR-140, and several of these satisfied only some of the algorithms. We validated *IL1B, IL6*, and *SDC4* to be targets of miR-140, but the mechanism for the downregulation of the rest of the 40 proteins, and for the upregulation of all the 114 upregulated proteins remains to be explained. One possibility is that one or more of the predicted and/or validated targets, impacts on the synthesis of all the other differentially expressed proteins described here. This is possible; some of the validated and predicted targets listed in **[Table 2](#tbl2){ref-type="table"}** are involved in signal transduction or protein/protein interactions and the NFKB pathway. However, a surprisingly large proportion of the differentially expressed proteins following miR-140 overexpression were likely to have a beneficial effect on OA pathogenesis through several mechanisms and many different points of action. This opens up to the possibility that miR-140 overexpression also exerts its bioactivity in an organ- and disease specific manner.

Materials and methods
=====================

All reagents used in this study are listed in **Supplementary Table S1**.

*Isolation and culture of cells.* ACs, bone-marrow-derived mesenchymal stem cells and SFs were isolated and cultured in monolayer as previously described.^[@bib23],[@bib42]^ The Regional Committee for Medical Research Ethics, Southern Norway approved the study and all donors gave written consent.

*Electroporation and stimulation with recombinant IL1B.* 1 × 10^6^ monolayer expanded ACs and SFs were electroporated with 5 μmol/l of synthetic Pre-miR miRNA precursor negative control and Pre-miR miRNA-140-5p precursor (Thermo Fisher Scientific, Waltham, MA) in a total volume of 100 μl using the Amaxa nucleofection system according to the Human Chondrocyte Nucleofector Kit (Lonza, Walkersville, MD). The Pre-miR miRNA precursors are small (21 nucleotides) double-stranded RNA molecules designed to mimic mature miRNAs. The Pre-miR miRNA precursors are chemically modified to ensure that only one of the strands is functional. Thus, miR-140-3p is not functional in the assay used in this study. The dose of the transfected miR-140-5p was based on dose-response experiments using the positive control miR-1 and its target *PTK9.* One day after electroporation, cells were stimulated with 0.1 ng/ml rhIL1B (R&D systems, Minneapolis, MN) for 20 hours before analysis. Nonelectroporated cells were stimulated with rhIL1B for 20 hours.

*Total RNA/miRNA isolation, cDNA synthesis, and RT-qPCR.* Total RNA containing miRNAs were isolated using the miRNeasy mini kit according to the protocol from the manufacturer (Qiagen, Germantown, MD). RNA purity and quality was checked by Nanodrop and agarose gel electrophoresis, respectively. cDNA synthesis and RT-qPCR were performed following protocols from the manufacturer using the High Capacity cDNA Reverse Transcription Kit and the Taqman MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific). For mRNA and miRNA analysis 200 ng in a total volume of 20 µl and 10 ng in a total volume of 15 µl of total RNA, respectively, was reverse transcribed into cDNA. All samples were run in technical triplicates. For mRNA analysis, each replicate contained 1.0 µl cDNA in a total volume of 25 µl, while 1.33 cDNA in a total volume of 20 µl was used for miRNA analysis. The thermocycling parameters were 95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. *GAPDH* was used as endogenous control for mRNA analysis while *U18* were used for miRNA analysis. RT-qPCR results are a shown as relative fold changes using mean values from technical triplicates with a 95% confidence interval. All donors are shown separately in the figures.

*Western blotting.* Cell lysates corresponding to 250,000 cells were loaded onto a 4--20% gradient polyacrylamide gel (Biorad, Hercules, CA). Proteins were separated be gel electrophoresis, transferred to PVDF membranes and incubated with appropriate antibodies before visualizing the bands using the myECL imager (Thermo Fisher Scientific). ACTB was used as loading control for all western blotting experiments. In **[Figure 5b](#fig5){ref-type="fig"}** all proteins were developed on the same membrane except for ADAMTS5 which was developed on a separate membrane. The membrane was stripped and reprobed using the Restore stripping buffer from Thermo Scientific. The loading control in **[Figure 5b](#fig5){ref-type="fig"}** is representative for both membranes.

*Mass spectrometry.* All experiments were performed on an Easy nLC1000 nano-LC system connected to a quadrupole--Orbitrap (QExactive) mass spectrometer (ThermoElectron, Bremen, Germany) equipped with a nanoelectrospray ion source (EasySpray/Thermo). For liquid chromatography separation we used an EasySpray column (C18, 2 µm beads, 100 Å, 75 μm inner diameter) (Thermo) capillary of 25 cm bed length. The flow rate used was 0.3 μl/min, and the solvent gradient was 5% B to 30% B in 240 minutes, then 90% B wash in 20 minutes. Solvent A was aqueous 0.1% formic acid, whereas solvent B was 100% acetonitrile in 0.1% formic acid. Column temperature was kept at 60^°^C. The mass spectrometer was operated in the data-dependent mode to automatically switch between MS and MS/MS acquisition. Survey full scan MS spectra (from m/z 400 to 1,200) were acquired in the Orbitrap with resolution R = 70,000 at m/z 200 (after accumulation to a target of 3,000,000 ions in the quadruple). The method used allowed sequential isolation of the most intense multiply-charged ions, up to 10, depending on signal intensity, for fragmentation on the HCD cell using high-energy collision dissociation at a target value of 100,000 charges or maximum acquisition time of 100 ms. MS/MS scans were collected at 17,500 resolution at the Orbitrap cell. Target ions already selected for MS/MS were dynamically excluded for 30 seconds. General mass spectrometry conditions were: electrospray voltage, 2.0 kV; no sheath and auxiliary gas flow, heated capillary temperature of 250^°^C, normalized HCD collision energy 25%. Ion selection threshold was set to 1e4 counts. Isolation width of 3.0 Da was used.

*Protein identification and label-free quantitation.* MS raw files were submitted to MaxQuant software version 1.4.0.8 (Max-Planck Institute for Biochemistry, Am Klopferspitz 18, D-82152 Martinsried, Germany) for protein identification.^[@bib43]^ Parameters were set as follow: protein N-acetylation, methionine oxidation and pyrogluatamte conversion of Glu and Gln as variable modifications. First search error window of 20 ppm and mains search error of 6 ppm. Trypsin without proline restriction enzyme option was used, with two allowed miscleavages. Minimal unique peptides were set to 1, and false discovery rate (FDR) allowed was 0.01 (1%) for peptide and protein identification. Label-free quantitation was set with a retention time alignment window of 3 minutes. The Uniprot human database was used (download from December 2013). Generation of reversed sequences was selected to assign FDR rates. Normalized label-free quantification (LFQ) intensity values were imported into the R software and paired *t*-tests were used to identify differently expressed proteins. *P* \< 0.05 was considered significant. All proteins that did not change in the same direction in all donors were excluded. Multiple testing removed most of the differently expressed proteins, including all the proteins that were validated to be differently expressed on all three donors using western blotting and RT-qPCR. Thus, correction for multiple testing was not performed, as this would have introduced a number of false negative results. As this approach runs the risk of including false positive results, the most important and interesting protein changes were validated by western blotting. The mass spectrometry data are accessible in the ProteomeXchange database with accession number PXD003362. Reviewer account details: Username: reviewer64130\@ebi.ac.uk, Password: ZmPxZSLu.

*GO analysis.* GO analysis was performed using the GO enrichment analysis at the Gene Ontology Consortium homepage (<http://geneontology.org/>). "Biological processes" was used as ontology.

*Prediction of miR-140 targets.* Evaluation of predicted targets of miR-140 was performed using the miRwalk-search engine by searching in five different databases: DIANAmt, miRanda, miRWalk, PITA, and Targetscan. The results in **Supplementary dataset 3** are from the PITA database.

*microRNA luciferase reporter assays.* Luciferase reporter assays (GoClone Reporter, SwitchGear Genomics, Menlo Park, CA) for 3′UTRs from selected possible targets and appropriate controls were performed in a 96-well format (50 ng of reporter/well) using Lenti-X 293T cells and the Lightswitch Luciferase Assay System. Luciferase measurements in cells were performed 24 hours after transfection by photon counting using Spectrum IVIS µCT instrument and LivingImage Software version 4.3.1 from Perkin Elmer (Waltham, MA). Cells were exposed for 10 seconds without filters.

[**SUPPLEMENTARY MATERIAL**](#sup1){ref-type="supplementary-material"} **Figure S1**. Response to addition of rhIL1B. RT-qPCR of *IL1B*, *IL6*, *IL8*, and*MMP13* in cells from three donors, (A), (B), and (C), respectively. **Table S1**. List of reagents used. **Supplementary Data**.
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![**Upregulation of OA-associated genes in response to rhIL1B.** (**a**) RT-qPCR analysis of *IL1B*, *IL8*, and *MMP13* mRNA levels after stimulating ACs with increasing doses of rhIL1B. (**b**) RT-qPCR analysis of *IL1B*, *IL8*, and *MMP13* mRNA levels after stimulating bone-marrow-derived mesenchymal stem cells (BM-MSCs) with increasing doses of rhIL1B. (**c**) Expression of *IL1B*, *IL6*, *IL8,* and *MMP13* during 48 hours of stimulation with rhIL1B 0.1 ng/ml. (**d**) Expression of *IL1B*, *IL6*, *IL8*, and *MMP13* during 7 days of stimulation with rhIL1B 0.1 ng/ml. Cells used in **a**, **b**, **c**, and **d** are from four different donors. Numbers in parentheses indicate relative fold change values relative to time zero or the first detectable value. N.D, not detected; OA, osteoarthritis; IL1B, interleukin 1β; RT-qPCR, real time-quantitative polymerase chain reaction; rhIL1B, recombinant human IL1B; MMP13, matrix metalloprotein 13.](mtna201664f1){#fig1}

![**Functional analysis of miR-140 2 days after electroporation.** (**a**) RT-qPCR analysis of miR-140 levels in ACs electroporated with a negative control sequence (Control), miR-140 and in native articular cartilage. (**b**) Relative expression of *RALA*, *BMP2*, and *ADAMTS5* in control cells and miR-140 electroporated cells. Cells from three donors were used in **a** and **b**. *U6* and *GAPDH* were used as a reference genes in **a** and **b**, respectively. In **a** and **b** the cells were stimulated for 20 hours before analysis. In **c** the cells were stimulated for 0, 30 minutes, 1, 3, 5, 8, 20, and 48 hours. In **d** the cells were stimulated for 1, 2, 5, and 7 days. Min, minutes; h, hours. RT-qPCR, real time-quantitative polymerase chain reaction; ACs, articular chondrocytes.](mtna201664f2){#fig2}

![**Results of miR-140 overexpression in rhIL1B stimulated ACs.** The cells were electroporated with a negative control sequence or miR-140. The following day the cells were stimulated with rhIL1B for 20 hours before analysis. RT-qPCR analysis of *IL1B*, *IL6*, *IL8*, *CCL5*, *ADAMTS4*, and *MMP13* in ACs (**a**) and synovial fibroblasts (SFs) (**b**). Numbers in parentheses indicate fold change values relative to results for control transfection plus IL1B stimulation. Differentially shaded bars indicate the different genes. IL1B, interleukin 1β; RT-qPCR, real time-quantitative polymerase chain reaction; rhIL1B, recombinant human IL1B; MMP13, matrix metalloprotein 13; ACs, articular chondrocytes.](mtna201664f3){#fig3}

![**Impact of miR-140 overexpression on proteins involved in the NFKB signaling pathway.** NFKB activators (upper right corner) and target genes (in the nucleus) of NFKB were downregulated by miR-140, while two inhibitors were upregulated (upper left corner). IL1B binds to IL1R1. This activates IRAK kinases and the IKK complex which phosphorylates the NFKB inhibitor IKB. Phosphorylated IKB is then ubiquitinated and degraded in the proteasome. This releases NFKB. NFKB1 or -2 heterodimerizes with REL, RELA or RELB, translocates into the nucleus and turns on transcription of NFKB target genes. IL1B, interleukin 1β.](mtna201664f4){#fig4}

![**Western blot analysis of inflammation and chondrogenesis proteins.** (**a**) IKB protein levels were analyzed in unstimulated cells, after 30 minutes (min) and 20 hours (h) following rhIL1B stimulation. (**b**) IL1B, IL6, IL8, ACAN, SOX9, and CSGALNACT1 in cells electroporated with control or miR-140 for 1 day and subsequently stimulated with rhIL1B for 20 hours. ACTB was used as loading control in **a** and **b**. (**c**) RT-qPCR analysis of *ACAN*, *SOX9*, and *CSGALNACT* mRNA levels after electroporation with miR-140 and stimulation with rhIL1B. D1, Donor 1; D2, Donor 2; D3, Donor 3. IL1B, interleukin 1β; RT-qPCR, real time-quantitative polymerase chain reaction; rhIL1B, recombinant human IL1B.](mtna201664f5){#fig5}

![**microRNA luciferase reporter assays.** Luciferase reporter constructs containing the indicated 3′UTR and negative control miR (control) and miR-140 mimic were cotransfected into Lenti-X 293T cells. After 24 hours, the luciferase signal from the cells was detected by photon counting. Results were calculated from technical triplicates (*n* = 3) and shown as mean ± SD. 3′-UTR, 3′-untranslated region.](mtna201664f6){#fig6}

###### Differentially expressed proteins after miR-140 transfection and rhIL1B stimulation
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###### Proteins that were downreguated by miR-140 and are predicted targets of miR-140
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